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Abstract 
Phase measurement techniques are becoming a useful tool for precision measurements . Spa-
tial as well as temporal phase shift methods can be used. Optical t es ting , where comput er 
analysis of interference fringes is becominq increasina important, will be discussed i n 
connection with testing optical components ,micropro f i lcs ~s wel l as for testing aspheric 
surfaces. In addition, methods using heterodyne techniques and real time holography wil l be 
described. 
Introduction 
Although basic interferometry and holographic interferome try have not changed much durinq 
the last decade, the use of electronic solid state detecto r arrays . mic r oprocessor s , and 
compute~for extracting information from the interferograms is becoming more common and so-
phisticated. The techniques become very useful for industrial applications, for contactless 
surface and deformation measurement as veIl as for strain, displacemen~and vibration ana-
lysiS and flow measurements. Heterodyne interferometry is one o f the interferometric mea-
suring techniques which eake us e of a reference beam shift or modulat ion t o ge t hi gh preci-
8ion . 
In optical testing computer analysis is becoming increaSingly i mportant. Much more i n-
formation can be extracted from the interferoqrams leading to higher s ensitivities. The 
application of holographic interferome try and speckle methods in real t ime leads to more 
appropriate techniques for engineering applications. Thermoplastic material is used fre-
quently t oday. Photorefractive crystals are found to be useful for real time holography and 
speckle applications. 
Interferometric tes ting 
Solid state detector arrays, and microprocessors are mostly responsable for the proqres8 
in interferometric testing being made during the last fev years . Digi tal interferometry 
provides a means of obtaining very precise measurements at rapid rates. 
For the fringe analysIs many different methods are applied . They can be classi fied into 
static and dynamic methods . In static methods a tilt is introduced to avoid closed fringes . 
The fringe centers can be found manually and by using a digitizing tablet as well as by 
using video- and image processing techniques. Furthermore, phase detection technique in the 
spatial domain using Fourier transformation
' 
or Fourier analysis in connection with video 
technique can be used. 
For dynomic algorithms the relative phase of the reference beam and the test beam in an 
interferometer is varied at constant, controlled rate or in steps of 90 or 120 degrees for 
instance. 2 The intensity of the interference pattern can be written as 
lex,y' • a(x,y).b(x,y)cos r+(x,y).i\] 
where +'x,y) • -f! Wlx,y) is the phase distribution of the wavefront Wlx,y) across the in-
terference pattefn to be me asured and A the deliberately introduced phase shift. The inter-
ference pattern can be recorded by a solid state detector array. At least three fringe pat-
terns with the appropriate phase shitts need to be recorded. The 1ntensity measurement with 
phase changes of 90 degrees can be written 
l, (x,y) - alx,yHblx,y)co*(x,y») 
l2ex,y) - a'x,y).b(x,y)cos(.~,y).w/2J 
IJ(X,y, - a(x,y).b(x,y)cos[+'x,y).w) 
It!adlnq to 
• (x,y) 
the phase distribution across the 
-1 212 (x,y)-I , (x,y'-I J (x,y) 
- tan I J lx,y'-I 1 tx,y' 
fringe pattern, namely 
Uiq~tll interferometry is ''-ery useful fOL getting the interferometric data into a compu-
ter for the analysis . Com?ucer analysis of interfe rometric data can be car r ied ou t i n dif -
ferent ' .... ays leading to precise measurements for testing INavefronts of optical surfaces and 
components . A fringe pattern of a deformed spherical Germanium surface obtained with a Twy-
man-Green interference arrangement is shown in Figure la . The experimental arrangement is 
shown ~n Figure 2 wit~out the CGH and the l e nses Ll ,L2,LJ but L' . for the automatic fringe 
analysl.s of closed frl.nges a plane- parallel plate is tiltet in the reference beam to intro-
duce phase shifts of 90 degrees . "A on", - dimensional fringe analysis is shown in Figure lb . , 
the corespondl.ng one- dimensional mlcrol"oua"1.n"ss" analysis obtained from the same i nterfer -
ence pattern is shown in Figure lc . The sensItivity obtai~ed is ~/lOO . For the 
® 
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Figure lc. Microstructure analysis o f Fie . la . 
automatic fringe analysis a Fairchild CCO line scan camera with 2048 elements together with 
an IBM PC was used . Alternatively fo r one- and two- dimensional analysis we very often use 
a Hamamatsu C 1000 camera . From the fringe pattern stored in a small compute r the desired 
info rmation such as the aberration coefficients as well as the optica l transfer function can 
be obtained. Zernike polynomia ls are found to be appropriate because of their orthogonal 
prope r ties . 3 
For microp rofile measurements , stylus instruments are among the most highly developed 
means of profiling of precision su r faces . El ectron microscopy can be used to pr oduce con-
tour maps and surface profiles of precision surf.aces by usi ng t wo perspec t i ve a ngles. 
I nte r fe r ometr i c techniques are we l l suited for mic roprofile measurements . Two as well as 
multiple beam interference arrangements with an automated f r inoe analysis can lead to a re-
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solution of the order of 1 1 illS shown by Wyant and coworker." Recently heterodyne interfer-
ence arrangements were presented capable of 0,1 A vertical resolution and a few micrometer 
lateral resolution. 5 
Application of computer generated holograms for testing aspheric surfaces 
,~y point 
Aspheric surfaces can be tested by a point~nalysis together with a 3-dimensional measur-
ing device to generate the surface profile. Interferometric methods such as null test meth-
ods o r shearing techniques as well as the application of holographic techniques and computer 
generated holograms are very useful for high precision measurements. 
Computer generated holograms (CGH) can be used to compensate or compare complicated wave-
fronts for different applications. The CGH in a Twyman-Green experimental arrangement as 
shown in Figure 2. can be used to compensate the aspheric wavefront reflected by the lens 
under test, for instance. Illuminating the CGH with the perfect aspheric wavefront computed 
from the optical data leads# after diffraction, to a perfect plane wave to be comoared wi th 
the perfect reference plane wave from the reference beam reflected from mirror MS.The inter-
ference fringes to be analysed are a measure of the discrepancy from the data of the ",spheric 
component or surface. Alternatively, an aspheric wave front can be reconstructed from the 
eGH to be compared with the actual wavefront . 
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Figure 2. Experimental set-up for testing spherical and aspherical surfaces. 
as. beam splitter, MS • reference mirror, L"L2,L3 • auxiliary lenses, 
PS - plane-parallel plate for p~se shifting the reference beam, L4 • high quality lens for 
testing spherical as veIl as aSherical surfaces, L, • auxiliary lens to be used tOgether 
vith L4 for testing spherical surfaces as well as for determining the vertex of the aspher-
ic test lens accurately. 
The principle of CGH is not new. Wyant among others described the technique in chapter 
13 of Reference 2. It's application for the accurate, absolutr test of steep aspheric sur-
faces as well as the generating of eGa needed to be improved. 
To generate the CGR different techniques have been deviced or are in the process of be-
ing developed such as the use of electron beam scanners. We apply a computer driven Optro-
nics drum scanner. A two beam interference arrangement for an off-axis hologram for testing 
aspheric surfaces is shown in Figure 2. The incident wave is separated by the beam splitter 
into the reference beam reflected back from the mirror MSslightly obliquely and passing 
through the hologram undisturbed and the test beam. For the fringe analysis of closed frin-
ges a plane-parallel plate is used to shift the phase by steps of w/2. The simple lenses 
'" / SI'IE Vol4SZ ECOOSA "H {AmstwdMn '!NUl 
L1,L2.LJ are auxiliary lenses to adapt the aperture of the lens under test TS. They should 
a so Lmage the test surface onto the eCH, a necessary condition for strong aspheric wave-
fronts. Furthermore they can also be used to compensate some of the aspheric wavefront. L4 
1s a high quality lens to be used for testing aspherical as well as spherical lenses 
without a CGH by replacing the auxiliary lenses by Li. In add i tion L4 and L; are used for 
focussing on the surface under test as well as for testing spherical surfaces with the same 
instrument. Furthermore, the accurate position of the vertex for spherical and aspherical 
surfaces 1s obtained with L; 1n place. 
Although the auxiliary lenses need not be perfect a hologram 1s computed at first for a 
known soherieal surfacelthe frinae analysis leads to a comQensation of the errors involved 
which in turn are compensated when computing the CGH for the test surface. 
Ad j ustment 1n an industrial test procedure can be time consuming and difficult because 
7 degrees of feedom need to be balanced such as tilt and decent ring 1n two 1irections of the 
test surface as well as decent ring and rotation of the hologram; some of the adjustment er-
rors have similar effects on the interference pattern. 
Using the previously described automatic fringe analysis it was found appropriate to ap-
proximate the measured wavefront Wlr,e) by a set of polynomials. Zernike polynomials were 
used .because of their orthogonal properties. They lead to an eli~ination of the influence of 
the actual adjustment errors by matching the ray tracing program and the measured wavefront. 
The approximation of the measured wavefront Wlr,9' can be wr1tten 
N 
Wlr,e) ~ wlr, O) =:"5""" Aj Uj(r,e, 
1"0 
where Uj (r,e) • ~(r) ,'in me l 
leos me for 1\>0 
are Zernike polynomials of order n and azimuth frequency m. Taking into account that mainly 
odd terms arise when decentring and tilting the ootical elements by a small amount, only po-
lynomials with m = ~1 need to be evaluated ~hereas symmetrical errors such as defocus and 
errors in t he vertex radius are descrihed by m ~ o. 
Calculating the derivatives of the t e rnike coefficients A2 ••• A]3 of the waVefront comput-
ed by ray tracing with respect to tilt ~ and decentring ( of the aspheric surface and the ho-
logram a set of linear equations is obtained. 
eO. 
BR'r' 
For 
A, ", 'A, ", ", 'Ax 
--rn;;;; ..-..; at;; ~ C, .... , 8';' 
= 
3A33 3A33 3A33 3A)) 8.y 
'Hx 
--rn;;;; ..-..; ~ aCHy 
'Hy J 
AJ) 
To obtain tilts Band decentring of the measured fringe pattern the above equation needs 
to be inverted. Linearity can be assumed for small adjustm~nt errors~ for stronger errors 
an iteratiVe process like the damped least square method can be applied. 
Once the adjustment errors have been calculated, their contribution to the wavefront can 
easily be determined in terms of Zernike polynomials, which in turn need to be subtracted 
from the measured wavefront . Typical results are shown in Figure 3.where different centring 
errors needed to be found from four interferograms. Only two fringe patterns with centring 
errors c • 0,01 mm and c - 0,10 mm are shown in Figure 3a. After the centring error was 
found from the interferogram or wavefront in Figure 3h.it was subtracted to lead to the 
wavefront in Figure 3c. The same procedure was appliel f.or a more complicated fringe pattern 
in Figure 4. with centring errors, tilt of the aspherical surface as well as decentring of 
the CGH for the same test as in Figure 3. After determining the adjustment errors from the 
fringe pattern and subtracting the wavefront from adjustment errors an almost perfect agree-
ment with Figure lc. was obtained. Further investigations are, however, needed. For hi9h 
preciSion measurements the automatic fringe analysis together with a compensation of adjust-
ment errors will become useful for industrial applications. 
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Appli ration of heterodyne interferometry 
Figure 5. shows schematically an arrangement for heterodyne interferometry. In classical 
interferometry, phase differences of optical field~ are transformed into detectable intensi-
ty variations. In two beam heterodyne interferometry the two light fields are assumed to be 
A, • a,cos(w,t + ~1' 
and 
A2 • a2co~w,t +~wt + ~2 + ~(t~ 
where ~w is th~requency shift which can be introduced by a Bragg cell or a moving grating. 
In heterodyne detection by a square-law detector the detector output is 
I : 2a,a2 cos (Awt t ~(tl + '2-~') 
where the time varying phase variation ~(t) can 
ty v (parallel to the optical axis in Figure 5. 
be detected. 
follows from 
The measurement of the veloci-
~(t) = ~ 2v(t)· t 
For a harmonically oscillating object ~(t) z ~ p cosO t producing a frequency modula-
ted output aignal at the detector with a carrier frequency of Aw and a frequency modulation 
of nand p the amplitude of oscillation. The signal can be evaluated by well known frequency 
analysis techniques. The microprofile of Figure 6. was obtained by scanning a surface with a 
heterodyne interference arranqernent similar to Figure 5.The resolution obtained so far is 
a few A. 
ST 
BC 
Figure 5. Principle of 
a heterodyne arrtange-
ment. 
Figure 7. shows an example of the frequency analysis leading to the velocity at a single 
point (perpendicular to the surface) of the side wall of a rotating car-tyre obtained with 
heterodyne interferometry. The arranqement used ist shown schematically in Figure 5. For 
comparison an independent measurement obtained by a microphone 1s indicated by dotted lines 
in Figure 7 . Close agreement is obtained between the noise detected with a microphone and 
the noise generated by vibration only. 
Heterodyne interferometry will lead to very useful future applications in precision mea-
surements. For the vibration analysis at given points heterodvne interferometry gives not on-
ly the amplitude of vibration parallel to the line of sight but also the frequency. Fur-
thermore, it helps for the fringe analysis in holographic interferometry when it is used to 
relate the fringes to a known amplitude of vibration obtained by a heterodyne technique. 
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Figure 6. Microprofile obtained 
with heterodyne interferometry . 
Fiaure 7. Comparison of t he vibra-
tion analysis of a rotating car- ty re 
usino heterodyne i nterferometry and 
with a microphone placed appropr i a-
te l.v. 
Holographic interferometry 1n real time 
Holographic interferometry has now progressed to a point where the analysis of the fringe 
patterns together with extracting the required information needs to be improved further. He-
terodyne interferometry and holographic interferometry leads to the informa tion of amolitu-
de and frequency of the object movement at given points. For rotating objects, the unwanted 
rigid body rotation needs t o be eliminated while preserving the information about the ela-
stic subject deformation. Image de rotation is the most promising approach for the study of 
rotating objects with holographic or speckle teChniques. In image-derotated holographic in-
terferometry the image of the rotating object is passed through, or reflected by, a prism 
rotating at half rotational speed of the object, thus cancelling out the rotational motion. 
A o-switch double-pulsed ruby las er can be used to produce a double-exposure hologram of 
the rotating object: ex~ple. of fringe pattern of a rotating car-tyre by road contact will 
be shown. 
Holographic interferometry i8 more attractive for the engineer when it can be applied in 
real time. Photothermoplastic material is frequently used as storaqe materialsby now. Pho-
torefractive crystals can be applied for real time metrology using holography in a two or 
four wave mixing nrranQement or ~peckle techniques. The 8i ,1 5i020 photorefractive crystal is 
a very promising storage material to be applied for real tIme holography and speckle appli-
cations. 8 ,g The sensitiVity can be improved by energy trans .(er from pump referenc~ beam to 
the low intensity signal beam tO leading to new applications in optical me trology. t 
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